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ABSTRACT: Measurements of the static pressure and aerodynamic
heat transfer on the surface of a sphere-cone model at Mach
numbers of 3.23 and 4.33, and angles of yaw of 60 and 130
have been made. The results of several theoretical methods
for calculating both the laminar and turbulent heat transfer
to the body along the most windward and leeward streamlines
are compared with the experimental measurements. The experi-
mental laminar heat-transfer distributions are nearly alike
for the two Mach numbers, when they are expressed in the form
of the Nusselt number divided by the square root of the
Reynolds number. The experimental heat-transfer data indicate
that an increasing angle of yaw can induce transition from
laminar to turbulent boundary layer.
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Supersonic Aerodynamic Heat Transfer and Pressure Distribution
on a Sphere-Cone Model at High Angles of Yaw

This report represents the experimental phase of a project
undertaken at NOL to obtain a more complete understanding
of the heat transfer to blunt re-entry type bodies at angles
of yaw. Measurements of the surface pressures and heat
transfer to a yawed sphere-cone model in supersonic air flow
have been made, and the data are compared with several
theories.

This work was sponsored by the Bureau of Naval Weapons under
Task No. RMGA-42-034/212-1/FO09-10-00!.

The author is indebted to Mr. S. M. Hastings for his stimulating
comments and recommendations. He also wishes to acknowledge
the valuable assistance of Mr. R. Chatham in making heat-
transfer calculations, Mr. J. A. Iandolo in the mechanical
design of the sting and roll mechanism, Mr. R. C. Sullivan
in instrumenting and installing the model, and Mr. J. M. Kendall
and Mr. G. W. Payne in building the related equipment for
measuring temperatures.

W. D. COLEMAN
Captain, USN
Commander

FLORIAN GEINEDER
By direction

ii



NOLTR 62-35

CONTENTS

Page

Introduction . . . . . . . . . . . . . . . . . .1
Experimental Testing Equipment . . . . . .1

Test Facility_. .. . . . . . . . . . . . 1
Description of Model . . . . . . . . . . . . . .*. . 1
Instrumentation . . . .. .*. . . . . . . . . . . 2

Experimental Procedure .. . . . . . . . . . . . . 3
Pressure Data....... . . . . . ... . . . .. 3
Temperature Data ... . . . . . . . . . . . . . 3

Results and Discussion............. . . . . . . . . 3
Pressure Results . . . . . . . .. ......... 3
Temperature Results . .......... ..... 4
Heat-Transfer Data Reduction . . . . . . . . . . . . 5
Heat-Transfer Results .*. . . . . . . . . . . . . . 6

Conclusions . . . . . . . . . . . . . . . . . . . . . 8
References . . . . . .. . . . . . . . . . . . . . 10

iii



NOLTR 62-35

ILLUSTRATIONS

Figure 1 Sphere-Cone Model Showing the Location of Pressure

Orifices and Thermojunctions

Figure 2 Schematic Diagram of Test Setup

Figure 3 Schematic Diagram of Thermocouple Wiring

Figure 4 Surface Pressure Distribution over the Sphere-Cone
Model at M - 3.23, a - 60

Figure 5 Surface Pressure Distribution over tb- Sphere-Cone
Model at M - 3.23, a - 180

Figure 6 Surface Pressure Distribution over the Sphere-Cone
Model at M - 4.83, a - 60

Figure 7 Surface Pressure Distribution over the Sphere-Cone
Model at M - 4.83, a - 180

Figure 8 Comparison Between the M - 3.23 and M - 4.83
Surface Pressure Distribution over the Sphere-Cone
Model at a - 180

Figure 9 The Measured Internal and External Wall Tempera-
ture Distributions on the Sphere-Cone Model at
M - 4.83, a - 180, and * - 900

Figure 10 The Measured Internal and External Wall Tempera-
ture Distributions on the Sphere-Cone Model at
M - 4.83, a - 180, and * - 900

Figure 11 The Measured Internal and External Wall Tempera-
ture Distributions on the Sphere-Cone Model at
M - 4.83, a - 180, and * - 1800

Figure 12 The Measured and Adjusted Internal and External
Wall Temperature Distributions on the Sphere-
Cone Model at M - 4.83, a - 180, 4 - 00 and
1800

Figure 13 Comparison Between Adjusted and Measured Tempera-
tures on the Surface of the Sphere-Cone Model at
M - 4.83, a - 180, and S/R - 0 and 0.52

Figure 14 Heat-Transfer Distribution to the Surface of a
Sphere-Cone Model at M - 4.83 and a - 180

iv



NOLTR 62-35

Figure 15 Heat-Transfer Distribution to the Surface of a
Sphere-Cone Model at M - 3.23 and a - 180

Figure 16 Heat Transfer Versus Roll Angle for Constant
Values of S/R - 0.301, 1.392, and 2.636 at
M - 3.23 and a - 180

Figure 17 Heat Transfer Versus S/R for Constant Values of
* - 600 and 750 at M - 3.23 and a - 180

Figure 18 The Regions of Laminar, Transitional, and Turbu-
lent Boundary Layers at M - 3.23, a - 180

TABLES

Table 1 Thermojunction and Pressure Orifice Locations

Table 2 Pressure Distributions

Table 3 Temperature Distribution Through Model Wall

Table 4 Heat-Transfer Distribution

v



NOLTR 62-35

SYMBOLS

Cp local pressure coefficient

CpmKx stagnation point pressure coefficient

C P specific heat at constant pressure

H enthalpy

k thermal conductivity

M Mach number

n coordinate normal to model surface

Nu Nusselt number, Qcpor/koe(Hoe-Hw)

p local static pressure

p0, stagnation point pressure

Q local heat-transfer rate

R model base radius
1/2

Re Reynolds number as given by Poe Hoe r

POe

Reoo free-stream Reynolds number per unit length as
given by pooUoo/goo

S distance along a meridian on the surface of the
model measured from the point where the axis of
symmetry intersects the surface of the spherical
nose

T local static temperature

t time

Uoo free-stream velocity

W velocity in the roll direction

a angle of yaw

I an angle that describes the inclination of the
model surface to the free-stream flow and is the
angle between the free-stream velocity vector and
the line normal to the surface
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viscosity

P density

roll angle

Subscripts

ADJ adjusted

E•MS measured

o stagnation conditions

oe local stagnation conditions at the outer edge of
the boundary layer

w the external surface of the model

0o free stream
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INTRODUCTION

High-speed missiles such as ballistic missile re-entry
bodies, maneuverable interceptor missiles, and hypersonic
glide vehicles are apt to fly at angles of yaw; therefore,
it is necessary for the missile designer to be able to
estimate the effect of the angle of yaw on the aerodynamic
heat transfer to these missiles.

This report represents the experimental phase of a project
undertaken at the Naval Ordnance Laboratory to achieve a
better understanding of the problem of heat transfer to bodies
at angles of yaw. Surface pressure and heat transfer data are
presented for a sphere-cone model exposed to a supersonic air
stream at angles of yaw. The heat-transfer data are obtained
by measuring the steady-state temperatures on the boundaries
of the model shell and solving the steady-state three-
dimensional heat conduction equation utilizing an iteration
process. Some comparisons are made between the experimental
and theoretical heat-transfer data on the most windward and
leeward streamlines of the model. Additional calculations
along the streamlines will be made and the results will be
presented in a future report.

The sphere-cone model used for this experimental investi-
gation has been used previously to obtain heat-transfer data

at M - 3.23, a - 00, and M - 4.83, a - 00 and 60, and the

data are reported in reference (1).

EXPERIMENTAL TESTING EQUIPMENT

Test Facility

Both the heat transfer ard pressure measurements were
made in the NOL Supersonic Wind Tunnel No. 2 which is described

in reference (2). The supply conditions of the test are listed

in the following table.

M T0  Po Reoo

3.23 3180K 980 mm Hg 2.43 x 106ft 1

4.83 320 0 K 2090 mm Hg 2.50 x 10 6 ft- 1

Description of Model

The sphere-cone model is made from type 347 stainless
steel. It is instrumented with 60 stainless steel-constantan
thermojunctions and each thermoJunction is formed by welding

1
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constantan wire of 0.005-inch diameter to the model wall.
As shown in figure 1, the thermojunctions and pressure taps
lie in the same meridian plane. The 11 pressure taps are
located on one side of the axis of symmetry and the thermo-
junctions are located on the other side. The thermojunctions
are located on both the inside and outside surfaces of the
model wall. Table 1 gives the S/R values of both the thermo-
junctions and pressure taps. A more complete description of
the construction of the sphere-cone model can be found in
reference (1).

Instrumentation

A schematic diagram of the test setup is shown in figure
2. Continuous traces of p/po versus roll angle are recorded
for one surface pressure tap at a time on a Kendall pressure
ratio recorder which is described in reference (3). The surface
pressure and supply pressure could also be read independently
on a Wallace and Tiernan mercury t•nometer and Wallace and
Tiernan pressure gage, respectively, in order to check the
pressure ratio recorder.

The roll angle is recorded on the pressure ratio recorder
and also displayed on the console of a self-balancing potenti-
ometer which is a single channel of ADAPS (ref. (4)). The
ADAPS is essentially a self-balancing potentiometer that
balances the voltage drop across a variable resistor. The
variable resistor is mounted on the model support and is
geared to the rolling motion ot the model. The rolling motion
of the model is transmitted to the pressure ratio recorder by
mounting a servo-transmitter on the ADAPS. The servo-trans-
mitter is geared to the drive shaft of ADAPS and it sends an
electrical signal to a servo-receiver on the pressure ratio
recorder and to the visual readout.

Cooling of the sphere-cone model is achieved by circu-
lating DC 200 silicone oil through the inside of the model.
The silicone oil is passed through a coiled tube of a heat
exchanger, the coil being immersed in a solid carbon dioxide-
alcohol bath. A Taylor temperature controller keeps the
silicone oil at a constant temperature of 223 0 K + 0.5 0 K. The
temperature of the silicone oil is 230 0 K + .5 0 K as it enters
the model, and is 235°0K + .5 0 K as it leaves the model. These
temperatures are continually monitored on two General
Electric millivolt recorders.

The output of each of the thermocouples is measured with
a single channel of PADRE (ref. (5)), which is a self-balancing
potentiometer. The potentiometer is set to a full-scale
reading of 1 MV, thereby giving a voltage sensitivity of
+ 0.6 gV and a temperature sensitivity of + 0.020 K. *The

2
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thermocouples are automatically switched one at a time to the
potentiometer.

As shown in figure 3, the thermocouples on the outside
surface of the model use an ice-water bath as a reference.
The thermocouples on the inside surface and in the model
wall, at a given S/R station, use the temperature on the
outside surface at that S/R station as a reference. Because
temperature differences exist that give a voltage greater
than 1 MV, it is necessary to provide a millivolt source to
counteract any signals in excess of 1 HV.

EXPERIMENTAL PROCEDURE

Pressure Data

Each of the 11 surface pressure taps is connected one at
a time to the pressure ratio recorder. A continuous trace of
p/p; versus * is produced when the model is rolled from the
most windward to the most leeward position. The rolling
motion is stopped every 150, and the surface pressure and
supply pressure are read on a mercury manometer and pressure
gage, respectively.

Temperature Data

The temperature distribution through the model wall is
obtained in the following manner. With the supply conditions
of the wind tunnel and the model coolant constant with respect
to time, the model is placed at the initial roll position of
* - 00. After the temperatures throughout the model wall
reach their steady-state values, they are recorded. The
model is then rotated to the next roll position and this
procedure is repeated. Temperature measurements are made
in the region 00 < * < 1800, at increments of A* - 150.

RESULTS AND DISCUSSION

Pressure Results

Pressure distributions on the sphere-cone model are
presented in table 2. They are given in the dimensionless
form p/p; versus S/R for various values of the roll angle
in increments of 50.

Figures 4, 5, 6, and 7 are representative plots of p/pa
versus S/R for * - 00, 900, and 1800 at a - 60 and 180 at
M - 3.23 and 4.83. The Newtonian flow (Cp/Cpmax - cos2n)
predicts a pressure distribution on the spherical nose that

3
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is slightly higher than the experimental data. On the
conical afterbody the pressures calculated from Newtonian
flow and the Kopal cone tables (refs. (6), (7), and (8)) are
slightly lower than the experimental data. Both the Newtonian
and Kopal values predict a constant pressure as a function of
S/R along the most windward and leeward streamlines of the
cone section, whereas the experimental pressure distributions
show a slight overexpansion in the region of the sphere-cone
junction and then a slight compression to a constant pressure
with increasing S/R.

For various values of S/R a cross plot of the pressure
distributions, that is, p/p6 versuslf', is shown in figure 8.
The data for c.- 180 at Mach numbers of 3.23 and 4.83 are
presented. The experimental data are shown as they are
recorded, that is, as continuous curves of pressure versus
roll angle. The pressure level is slightly greater at M - 3.23
than at M - 4.83.

Temperature Results

All of the measured temperature distributions are presented
in table 3. They are given in degrees Kelvin versus S/R for
various values of roll angle 7P in increments of 150.

Figures 9, 10, and 11 are plots of the measured wall
temperatures of the model, versus S/R, for * - 00, 900, and
1800, and with M - 4.83 and a - 180. Notice that the tempera-
ture on the surface of the spherical nose of the model at
S/R - 0 varier almost 30 C as * goes from 00 to 1800. Under
ideal conditions, that is, if tunnel supply conditions and
the temperature of the coolant fluid inside the model remain
constant, the temperature at the point S/R - 0 should remain
constant because this point is on the axis of rotation of the
spherical nose of the model and remains in the same position
relative to the air flow. As can be seen in figure 12 the
varying temperature at S/R - 0 gives a discontinuity in the
temperature distribution at S/R - 0. It is likely that the
discontinuity is caused by an asymmetry in the geometry of
the model due to the presence of the pressure taps. In order
to eliminate this discontinuity, the temperature at S/R - 0,
for all roll positions of * > 00, is adjusted so that it is
equal to the temperature at * - 00. Then the assumption is
made that the entire temperature distribution at a constant
roll position shifts by the same amount as the change in
temperature at S/R - 0. The equation for the temperature
adjustment is:

TADJ(*,S/R) - T 3As(0,O) - TMEAS(*,O) + TNEAS(*,S/R) (1)

4
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This alters the temperature distribution as a function of
the roll angle, but does not change the temperature difference
across the wall. The adjustments in temperature do not change
the ratio Tw/To more than 5 percent. Figure 12 illustrates
how the discontinuity in the temperature distribution is
eliminated by the temperature adjustment. Figure 13 is a plot
of temperature versus roll angle for M - 4.83, 04 - 180, and
S/R - 0 and 0.52. This figure illustrates how the tempera-
ture distribution in the roll direction is affected by the
temperature adjustment.

Heat-Transfer Data Reduction

The calculation of the aerodynamic heat transfer is per-
formed by utilizing the steady-state method. A detailed
description of the steady-state method can be found in refer-
ence (9). In general, this method requires the solution of
the three-dimensional, steady-state heat conduction equation.
Specifically for this problem, the shell of the model is
separated into two regions. The first region is the spherical
section and the second region is the conical section. The
three-dimensional steady-state heat conduction equation is
written in spherical and rectangular coordinate systems for
the first and second regions, respectively. Then the heat
conduction equation is replaced by a set of finite difference
equations and the steady-state adjusted temperatures on the
boundaries of the model shell are used to compute the tempera-
ture within the model shell utilizing an iteration process.
The calculated temperature field is then used to find the
temperature gradient normal to the model surfa.ce, and the
local aerodynamic heat transfer to the model surface is:

Q - k JT (2)0)n

The variation of the thermal conductivity of the stainless-
steel model as a function of temperature has been measured

by the National Bureau of Standards and the results are
presented in reference (10). In the temperature region,

2230 K :< T : 2730K

the thermal conductivity can be approximated by

k - (6.354 x 10-6) T + (2.31 x 10-3) (3)

where the units are:

T OK

k BTU/sec-ft-°K

5
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Heat-Transfer Results

Heat-transfer results are given in the form of the
Nusselt number divided by the square root of the Reynolds
number as suggested in reference (11) and the equation is:

Nu Q P0 r/koe (Hoe-Hw) (4)
Re1/2 (Poe Hoe r/poe)l/2

If cp - constant (cp varies about 0.3 percent in the tempera-
ture range encountered in this experiment) and if the local
stagnation density, pressure, and enthalpy are constant about
the body, then equation (4) can be written in the form:

Nu/Rel/2 - (constant) Q (5)
To-Tw

where

(constant) r/ke 1 (6)

(poe Hoe r/ 0e)l/2

Figure 14 is a plot of the heat-transfer data versus S/R for
M - 4.83, a - 180, and * - 00, 900, and 1800.

Theoretical calculations of the laminar heat transfer have
been made for both the windward (* - 00) and leeward (?- 1800)
streamlines and the results are shown in figure 14. On the
windward streamline (V'- 00), the analysis of Vaglio-Laurin
(ref. (12)) as formulated by Zakkay (ref. (11)) is used to
compute the heat transfer downstream from the aerodynamic
stagnation point. Using this method two calbulations arn
made. The first calculation is made under the assumption
that the heat transfer on the windward streamline is equivalent
to that on an axially symmetric sphere-cone body which has a new
cone half angle of the actual body plus the angle of yaw.
In the second calculation, the effect of the crosswise velocity
gradient dw/dyon the spreading of the streamlines of the
inviscid flow is approximately accounted for and the value of
dw/dyis determined by using equations (1) and (A-22) of
reference (11) and is assumed to be constant. The three
constants in equation (1) of reference (11) are determined
from the pressures that were measured at a constant S/R - 2.481,
andlm- J°, 900, and 1800. Both calculations give the same
heat-transfer values on the spherical nose of the body and
these values are from 0 percent to 13 percent higher than
experimental data. On the conical section of the body the
former calculation compares favorably with the experimental
data, as may be seen from figure 14, while the latter calcu-
lation predicts heat-transfer values that are approximately
30 percent higher than the measured data.

6
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Another theoretical heat-transfer curve using the method
of Reshotko (ref. (13)) is also computed for the most windward
streamline of the cone. Reshotko's analysis is for a sharp
cone at an angle of yaw and as might be expected, the theo-
retical results seem to approach the measured heat-transfer
values toward the base of the cone.

Since the measured static pressure distribution is
relatively constant for * between 1350 and 1800 on the conical
section of the model, a calculation of the laminar heat transfer
was made using flat-plate theory, and the results were trans-
formed to the cone geoiretry by multiplying the flat-plate

results by T3_ This computation was made using the results
of figure 6 of reference (14). The results agree favorably
with the experimental data.

The heat transfer versus S/R for M - 3.23, a - 180, and
- 00, 900, and 1800 is shown in figure 15. Theoretical

calculations of the heat transfer using the same methods
described in the previous paragraph are also shown in figure
15. When the heat-transfer rates are presented in the form
of Nu/Rel/ 2 , the experimental and theoretical laminar heat-
transfer distributions do not change very much between
M - 3.23 and M - 4.83. In figure 15, there is a sharp in-
crease in the heat-transfer rates on the ?P - 900 and 1800
curves, indicating that a transition from laminar to turbu-
lent flow has taken place. Theoretical values of the turbu-
lent heat transfer to the leeward streamline have been obtained
by transforming the flat-plate theoretical results of reference
(14) so that they apply for a sharp cone. The theoretical
results compare very well with the experimental data.

It is interesting to note that the experimental data in
figure 15 indicate that there is no transition from laminar
to turbulent boundary layer on the rmost windward streamline

0- 0).

In order to illustrate where transition begins, figures
16 and 17 are presented. Figure 16 12a plot of the experi-
mental heat-transfer parameter Nu/Re versus Ywith S/R
as a parameter. Values for S/R equal to 0.301, 1.392, and
2.636 are shown. The first two curves indicate that the
heat-transfer rates decrease asV- increases, whereas, the
third curve shows that there is a sharp rise in the heat-
transq rates ate - 750. In figure 17, the experimental
Nu/Re"N is plotted against S/R and the V - 600 data are
completely laminar, however, the )k- 750 data show a sharp
increase in the heat-transfer rates. The location of the
laminar, transitional, and turbulent boundary layers on the
conical section of the sphere-cone model are shown in figure
18. These regions are determined from the experimental

7
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heat-transfer data. The point where the heat-transfer rates
begin to rise is taken as the end of the laminar region and
the point where the heat-transfer values reach a maximum is
taken as the end of the transition region.

The region where transition begins is one where a true
three-dimensional boundary layer with crossflow (that is,
flow in the boundary layer normal to the external inviscid
streamlines) does exist. Experiments having to do with flow
on a rotating disk (ref. (15)) verify that a three-dimensional
laminar boundary layer is extremely unstable. The Reynolds
number based on local flow conditions and distance from the
aerodynamic stagnation point to the 8ase'of the cone on the
most windward streamline is 1.4 x 100, and there is no indi-
cation of transition. The Reynolds number at the beginning
of trans tion at the point S/R - 1.6 and -V- 900 is only
0.7 x 10

CONCLUSIONS

Newtonian flow theory predicts pressures on the surface of
the spherical nose of the sphere-cone model that are slightly
higher than the experimental data. The surface pressures
given by the Kopal cone tables are slightly higher than those
measured on the surface of the cone. Neither computational
method is adequate for predicting the pressures in the region
of the sphere-cone junction.

The theoretical laminar heat-transfer distributions along
the windward streamline approach the experimental data toward
the base of the cone. In the region of the sphere-cone
junction the theoretical laminar heat-transfer rates are
over 100 percent higher than the experimental measurements.
The prediction of both the laminar and turbulent heat-transfer
rates to the leeward streamline are in very good agreement
with the experimental data.

The experimental laminar heat-transfer distributions are
very nearly the same for both the Mach number 3.23 and 4.83
data, when they are expressed in the form of the Nusselt
number divided by the square root of the Reynolds number.

The Mach number 3.23 experimental heat-transfer data
indicate that increasing angles of yaw can cause transition
from a laminar to a turbulent boundary layer in a region on
the conical section of the model between the most windward and
leeward streamlines. The experimental turbulent heat-transfer
at a point on the cone that is midway between the most windward
and leeward streamlines ;re approximately 50 percent higher
than the experimental laminar heat transfer at the most

8
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windward streamline. This transition is probably due to
the extreme instability of the three-dimensional laminar
boundary layer that exists in this region.

9

9



NOLTR 62-35

REFERENCES

(1) Hastings, S. M. and Chones, A. J., "Supersonic Aerody-
namic Heating of a Yawed Sphere-Cone Wind-Tunnel Model,"
NAVORD Report 6812, 28 June 1960

(2) Meek, P. P., "Aeroballistic Research Facilities," NOLR 1233,
May 1959

(3) Kendall, J. M., "Equipment for Continuously Recording the
Ratio of Two Pressures," NAVORD Report 4201, September 1955

(4) Gilbert, B. D., "Automatic Data Processing Systems (ADAPS)
for the Supersonic Tunnels," NAVORD Report 2813, March 1953

(5) Kendall, J. M., "Portable Automatic Data Recording Equip-
ment (PADRE)," NAVORD Report 4207, 241 August 1959

(6) Staff of the Computing Section, Center of Analysis, MIT,
directed by Kopal, Z., "Tables of Supersonic Flow Around
Cones," Technical Report No. 1, 1947

(7) Staff of the Computing Section, Center of Analysis, MIT,
directed by Kopal, Z., "Tables of Supersonic Flow Around
Yawing Cones," Technical Report No. 3, 1947

(8) Staff of the Computing Section, Center of Analysis, MIT,
directed by Kopal, Z., "Tables of Supersonic Flow Around
Cones of Large Yaw," Technical Report No. 5, 1949

(9) Orlow, T. A., "Numerical Solution of LaPlace's Equation
for Various Three Dimensional Regions with Axial Symmetry,"
NAVORD Report 6038, 22 January 1958

(10) Robinson, H. E. and Watson, T. W., "Thermal Conductivity
at Low Temperatures of Types 316 and 347 Stainless Steels,"
NBS Report 5748, January 1958

(11) Zakkay, Victor, "Pressure and Laminar Heat Transfer
Results in Three-Dimensional Hypersonic Flow," WADC TN-
58-182, ASTIA Doc'ivent No. 155679, September 1958

(12) Vglgio-Laurin, Roberto, "Laminar Heat Transfer on Blunt-
Nosed Bodies in Three-Dimensional Hypersonic Flow,"
WADC-TN-58-147, ASTIA Document No. AD 155588, May 195S

(13) Reshotko, Eli, "Laminar Boundary Layer with Heat Transfer
on a Cone at Angle of Attack in a Supersonic Stream,"
NACA TN-4152, December 1957

(14) Van Driest, E. R., "The Problem of Aerodynamic Heating,"
Aeronautical Engineering Review, Vol. 15, No. 10,
pp. 26-41, October 1956

(15) Gregory, N., Stuart, J. T., and Walker, W. S., "On the
Stability of Three-Dimensional Boundary Layer %pith
Application to the Flow Due to a Rotaefing Disk," Paper
No. 3 from the International Symposium on Boundary Layer
Effects in Aerodynamics, held at the National Physical
Laboratory, Teddington, England, 31 March and 1 April 1955,
published by Philosophical Library, Inc., 1957

10



NOLTR 62-35

Uc

w

~cn U

N w F
0z 0

(0 to0a

0 (n

M 0r

Nl 0

0)0

w -

0- U)- w
f- 0 I-i

IL)

<- z

-C) 30
wI

U) 0
N

~~0
0 :

cUu -')
a) WW Z

cn w 0
CD z2 a

*0 - u
Ix)



NOLTR 62-35

ww

H D

x _ 00Z4.
w o-Jw w

H0 < Oa 0-H
H a0- o~z

0 Z_ 
0 0

o w w
yD CL Dw4

Z w ----- D

4 .w H

oJ ---------------- w F

_j x w

00

4ý 4

4 cr 00LU

xw 
0114CH H z Z

<< < x ýz
_j W. -i 0

L w Ow - 0)

x 004

(n~ CDj

Wn 4

UCDD

w

w 2-



NOLTR 62-35

z~ ZO

zow V)
Lu -W j

U) ir)

< 0~Z Oj JOJ <0  UJ 0

WcrCI WZ c

7cT 00
5 uj:H

O i 0

Li - i 0)0 ui c
CO wF 0 0

F- 0
W 0

00 0
0

L Hd
UM)

w wL

0 0

H H

wI U)



NQLTR 62-35

CDý

0- w
rlr) 00
N

OcO 0 - ~ C/)

0) r~r) w/ i
4. 61O -?O--. It

w 0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ N z

D 2
0 -

_ _ _ _ _ _ _ _ _ o K

2 w 1

__OD _ _ Z X~

0 I- (1) (%

0 w0

LAJ1

U- W

00

w
m (D

0

01d/d o~i-L 38flSS384d OLLIVS



NOLTR 62-35

0o

-J

o I

b 0 o

(D 0li

z>
LIJ

-:, 0

o 0

z t
0 -

QI oco
z Li

< -J Li"

zz OD Z tW

ui U) V)WI'

0 Lli
0 Z -

_ _ _~~U - _ _ _

0

o 0

Li

Lij 0(D DIT 40

- 0 b 0 0

/d OIIVH 38flSS3Hd OI1~i S



NOLTR 62-35

ol 2

II w

0 0 _L

m0 0 N: U

11 N' w
o-Jo

-w 0

0130

2 CD

0/ ~

z I- 2 D

0 0 I

oc 2

aQ.

WW

0 '0
U()

uoi
_ _ _ _ _

C~j OD ( 040 i

0



NOLTR 62-35

C.'

0 0z

0 0 a..2

Qa) O 0 .- Cj
11 of Nl to w

(DII >

z
0

z a)
0

Q
(j) COD~

z w

____~O Z_ _ Z o

z
0 Z WI'2

- - CLI

w 0 w cnt

IJJ U - W .TL CD V :

-~ U..

ww
ww

0d/ CD 0e 0 00
QI1dOUV 38flsS38d OUIJILS



NOLTR 62-35

0 c~0

NN

6J 6J

j LLJ 0

11 -4- - WI 1 1 .I:~)

to0

0 r0

r~ 0 0 /D I L
_ _ _ _ D (

ro () W) <

H~~~~ It U- z- r

Z >
___0 <__ 0__/i (.

OW -

CID 0

oQ-~

0 0

U)N U01

0 c

0 0I

l[III I o~
0 O 0) co - (b 0 I. rq N c -7 00

.d /d OliV8 38nfSS38d 0IIVIS



NOL.TR 62-35

c_ _ 0

0@ w ro

D w

0) Oow -Z

0 cx~~0 ON0j

0- cr~

o W 0

0- W

z -z
o <

QW W

i2?

00 w 6iý-

00 @0 w ~

Ur)
0~ N

Nr N N
(0) 0I fl IV 0 3dw3



NOLTR 62-35

0O

w

0 0
W r-

_ _ _w 0 __ _ _ _

m <o
cOOQ 

0 IA

OD 0N 0 z

OD00 -~

WX

0~ 'D Z

00 F- W

___ 
-q~w

00 0 0< --JJ
Z Z

ww

0 0 Lu zF- 0

0i wc

az zM~

CI W 00

0 (n

0

00-
-0------a)

E; m)

N

ZN Nz



NOLTR 62-35

u ocj

0 .

rl) o

<

__ <_ < ~ 001u

U)I uW
2: 0 9 _j

__z 00

0 0 ý
0000 JWL

-0- 01 C) Lr

00 a
-__ 0 zU

LA LALA W
U) NJIJ

z0 0



NOLTR 62-35

zw

crx

c% r
o owu

(9 CL)

z -j 0
wu-j 0w

(A o) 38liv83dVVJ3 1 0o r

0 F0 z

z Q)
0 0 wz0

0Z U) Go

(n U)Z U ,

0J WWIILJ LJt

crbw LAJ0

(L JI C- w l LI

0 < < N



NOLTR 62-35

0~

- I-

N 0<

U)

w OD

0(w

04 0 0 C

_ _ 0 -e~- I -0~ wk%
IT) :D

o('j 0 i

*~~~ 00 g li
0 11 [6'-J0a

o0 It t)0U
(V~- if) Xf
N0 N N N N



NOLTR 62-35

0.8

0.7 SPHEREJ 0 __

am 4 * = 900 >M=4.83, a= 180
CONE 10

0.6 41=00 F
VAGLIO .- LAURIN, REF.(II)

z -,-- RESHOTKO, REF.(12)

5w =180' --- VAN DRIEST, REF.(13)

w Po = 2090 MM HG

SjTo= 320 0 K

a. 0.4 /
rr aWw= CONST.

O')Z 0.3a

I- (•wz 0.2
<

0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

DIMENSIONLESS CONTOUR LENGTH SIR

FIG,.14 HEAT-TRANSFER DISTRIBUTION TO THE
SURFACE OF A SPHERE - CONE MODEL
AT M= 4.83 AND a= 180



NOLTR 62-35

0.8

SPHERE

7 0=900 M= 3.23, a= 180

SCONE E #= 1800

0o.6
*=00VAGLIO-LAU RIN;, RE F. (11)

Z 7:EHTO REF.(12)
" -0 • 180° --- V AN DRIEST, REF.(13)

WO'5 -_ _ _

w 0 Po = 980MM HG

a:: • To = 3180 K

rr Ww 8

u--

C,) ___

zO0.3 A\

0.2 A ___ I

I~L

0.1 0I
O. TURBULENT

0 ___ I___ 
__ _ __ _ _

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

DIMENSIONLESS CONTOUR LENGTH S/R

FIG.15 HEAT-TRANSFER DISTRIBUTION TO THE

SURFACE OFA SPHERE- CONE MODEL

AT M= 3.23 AND a= 18°



NOLTR 62-35

0 0
0OU)

gini
H ni

10> D cr-
0 w JHU

Oo I

0 0

0)0

(0 N 0

0 0 0

__0 _j_ LLJ~

0 ji 0 Z
OD -NJ 00 Q< J

0-N~~~ ~ i 0---0 ~~'I

0 c 0 < w j

0o <L < 0()

0<0 0 (Du o-r
0 OH0Z

0~ <- C/r00

(D

0 oC
0 <30

-e-- -L Q 07

O 0 0 a

Z/ 1e98/nN 8313WJVHVd 83ASNVHI IV3H



NOLTR 62-35

S / R ----.--

2.5 1.0 1.5 2.0 2.5 3.0

CONE LAMINAR 
-4

30 (DEG)

TRAN ITI -60

M =3.23
a = 180
P0 =980 MM HG NT

To=318-K

1180

FIG.18 THE REGIONS OF LAMINAR, TRANSITIONAL AND
TURBULENT BOUNDARY LAYERS AT M= 3.23,
a = 18*



-~ NOLTR 62-3 5

(M N V(D00-

03 o0
(n 0

U
02

1-44

N3 0 M "

00 D00 -0

0 H021 L
02 0

0000

U0

N P40 Lt-t'0

r-4 W

02

004

o024N 4 0t 2to t

0ý r4 r4 r4 r4 ;r4 r

00
_ J 02 _ _ _ _ f L D -

000000totý000

CDr) "0 O0 oi
0z 0- f l
C;C C ; 4C

024 C9g)VL t -0



NOLTR 62-35

~ e4-4,4,4 00001,4000000000 a00

co eee(eOCOOOOOOteOOoeeC vitae, t-00"CH

ft. COt A t .*V 400 4.I4- 0'O 4O C O O O O

!V!CCi lcillc" C t."ii.O V OC! C! f e.0 a co.-*I0r4V14t Ait t 0 F -1 -0t 4 14M00,4a0 -0I
to aomw 0 t "OO O O O OoO O O OO C O O OD 0 4 4 N O
ch 0' 0t o "H00 -V q&0 t o0 mm0MC4M00co *C)0

M C4 r-.1Ve !V!iClc

ft 5.0a nr 0SVC . 4 ,T I 01 -CNM0NMN0i -t ýp

No t0 wt too o Vcc0)0 oeNoHe0ooooo3v 1-0000000000Ceot

14 k*Wi MiSmt0T 0SW'C WW 00t-ti32iSO Wiii1tW 0Wi10""4f0 9 ~SD

H4 00 0 S0 @ 0i~ Mi CO c K m t-SDWDWSSDtSDS SO

10V ) 400 0CS.~Cm 0 t- D OWS 9,0 QC4C GiDt-tý) . 1'00S4O(S11

wllý o 5 00 0000S00Ob0S 00,0S SO COCOCOCOCOCO.
pqo O O C O C C O O O CO O O O O O O O

loo NM V M 0 I V% M 00 0 " M - .N t4H t-.4.40W V 0 W4.4W4M4.4.4D



NOLTR 62-3 5

co .V -'r N 0 0. MI .0* %M M - '0 -M 0 0 In N 0 0. W fl 0 i 0 %A %r. N 0 v r~ t- n % 0 'o -o
n nO iN r4 r4 yO-O - -- -

m -1 * 1--O 1-.0*0 P- i * * * * n nu - 00NN .- ,0 . I
co 0 I. y -0NN40 00040 ,MS Amc-c

M 6 N 0 0. p9 %nv w% 6* 0 S *% Co P. 1, 0* %n 0 0 %n %n C %, * 0 S 0, 4

Of$ý lmn-.N o VO\oM ?. 0.4m00 00 00 000 00 00 00 00 0-& 00N-0

eeN 000%1 0000In0n 0P0!0000C N0C-0-0 000000Q00 00 04000

in zf N C~ ( 'l j0 -% M N N0 '% CP . -0 W0 frh - N 0'* 0, p- *0 M (> . 0' 0. N. '0- i

.0 0 f
b - '4

z 0 o 0 -u

0. . %J 10 c

N D

u LALL o %

iN..u WN c 00 %

zv ul w

FA ~ ~ I' 3cu - i o

LU~ ins i

.A in.AJ -'N 0 ý40N0F y00N"' .0( - 00A-.
Pn Ldni -~'~ N NN 0 O ý ( n-0 0C 0 f.o0 0 0 " " NN N

c3, 6 a

"-I pn 0- 0.0C 0

CO 0 & 0C %* 0 o M km * 01. AC SC =, NS 6n NI 'C 4e C ý w 0 (). - C. :c o.
C.1ýa - O ai 0NC ?*-00 0 00 0 0 " ow00 0N00 O.V0l000000000000MN

Pf ~F- co c- - " . 0 *Pý- C) 0a "n W 0'i 0 L* N ?. 0 m '0.0 o. %I 0 A &
0' '0 P.T 1 " * '- A00 ? Ni *n V 0~ > 0 00'. -0a0 0ýbO

0. .0 ~ 0. > ZC* C % ,_p, ,_* N 0p,*' M 0 0 ' Q 1 0Mn
N o

- 0' 0 p N 0' A N0 w 0' " ' w .0 0 0 a) Ml 0 " r- P -F'! 0 .0 .0 C 0 1.0 .0 0 0 '0 P in A A
* Q S0 4 CC p A 4 N-00 C -* C NC o C 44 m C S C C @4 0 CC o PC %A A z4 O S

LU

z
a~ 0 n 0 in 0 'A 0 %A 0 V% 0 in 0 LA 0 in 0) In 0 In 0 %A 0 kA 0 i 0 vi 0 LM 0 LM 0 %A 0 in a

- C I .t t6nMO4PýP WC O - C)-- NNN-n:t0U.., -- - - - - --

-e



WOLTR 62-35

0 OD ' In-~ 0 . Op P'- N C) %A F.- " 0 N0 0 M- A0U 0' W0 aO Op4 0 a~ Q 0.0.

CO 4'.-0 '0.'o 0 0 .0 ILn n .7 *! on In Mn W1 N"00 00a>0 000 0 0. 0.0

04" " *" 0 - W0 ^0 O NW-0 001 N

on O0-oOl oCr 00o 00 0 ) 00 0 0 0000"00M- W - N W 0 4rIn- 000.-0 00

01 c o P - N- f - - 0 - O -4' 10 % n. 0 U 0 0 0 '0 W 1 N N N 0 - U 0 - 0 Q 0 N 0 W~ 0 4- Ný 0

-- - ---------- 0 0ý c ju

F- M 0 0a' -0fP.0.0 N 10- 0.-"Ný - 0Oý ' "

9 99 9 9 9 9 9* 9 9 9 0 99 9 9 0 9 9 9 9 9 a 9. 6 9 9 9. 9 9

X7 -

0 - -f ( ,w o 0 0 .

vW md P- LA 3 - p- p- ' .0 '00 .0 Ir .01 LA 0 w a ft) "' " N N N - -- - - 0 c c' FZ C' CN - C o. Cý C- 0. C-
z -* - - - - -- -. -3 -~. - -

C., v~
4  

') . * * 9 * * * * * * . . . 9 * *
0_ :. ju 8L a Q0C 000O O000 0Q00; c:OOOcOOO 4 ,0

oo0. W - ------------ ------- ---- -- 0 0 00000
C) 0 0S o 9 0 9 a 9 9 9 a 9 0 9 9 9 9 9 0 9 9 9 9 9 . a 9 #

C.)-) 0 a3 .O0t 3 3 0 0u rJ 0(Q0(1(30O000C 00a0000Q0000C a
L.jO 0 CU C

("4 P-. 09 N -"04 00 O e -c

L* M) 03 0> 4 AAl0NNN -O .o

N3 Ifo0000i ~ 0 ;C ; ; C ý ; C)

-AI j CL -.' - -

ul 3cA . ~ i - - - - - - - -- - ----------------------

.1 LA LA -i C) c; c; c; 8.0'0 4 * 1!,N4NNN

c .2 0- P. &. " 9. a . M) P. w w 9 Y C) 0 "1 w N9 *0 *W - z ( 0 . V. . ., N 0 0

V -n n PI.0C I- ' 0 -P ) nn0 a. .- M 00M0 11

0 N- 0 ID. *0 J?' 0"' Q - 0 M) co 0o > 0.4 0. *ýAV-7NC 0 0. W, P." 0M 10 * re0) -Qr4 0. 0. MI 00N WI
4 Oý AAM- N N -0 !0 a " " 1 P-1 -I t I 1") l'0*-0'LAC,'N N N N t N N - -
J, ') ' W I), C.- e> 0'0. ,),. 0 0, 0. A *N N ~ ~ r ~ v C0", C%;~ -137'- .C 0 .0 ,1 C - , Y .:.

S.A On ' 0 P 0 % A - 0 a F') ON N. 0 km- NO 0 'M0 N '0 -'0 N, A N .0 0 0 0 0 4' '- '
N o 1 0A0 0ý %( -- NNP,* 1p nZý l ,

- - - - - - - - - - -



NOLTR 62-35

0 NI- 0~N Il Ntfl~- 0 ~ A*00 N P~- * 0 V -. 0- 0ý N N N N N(> 0 mN0P o- P o P >' r -ON o.-O: NO*N- 0 MO 0.0 ' .o0,00
co -I onf n .c N - aD0O 0. .0 P c- I.-F- ?-O 'o. 0 '0 'o00 O~A' LiIn0 9

* 4 C; C; 8 *4 4 4 9. 4 99 *; 4* 8 * 44 C; C; 8 8 8 4* S 4 * 4 *

0. n- 1 P 1 1N Oy-O** 0 '-0 o, 00t-0 NOM okMWý

w w 0- 0 o 0 0 0 0 0 00;o;0 0 000

N 0, 1000M0000000" m0000M00n0 0> -00M00 0 0 0 O

pe 0 - .'N N M M *r r. 'o (> C 0. P ý- 0 -0. -T 0, 0 -'o 0 0, 1- *0. 0 0 W -Wt

0 0 .0 4 -* * N * 0 N 0 0 19 0- * & *ý * *0 * 0 N * 4 N * 0 9@ 0 * 4' * N 4 *o 0 N
= w0 ?'1p0 wl"eqN "1C.-P 10,01r00 0 00 c 00 i 0 "1 r-t0 0

770 - -- - - -

1681 ;C 1;1 ;C ýC

o l -- -- -- - -~

6'U LJ C;.J Qa

o pm .7 C- -; ' 0N N a0 ý 0 PA .10 M0 P-0 " M0 *0' 40c -1oC 0~ ro.o oc * . * . . 4 9 * * "* 5 4 4 5 9 4 . 9 5 4 4 * 5 4

.2 o d wo P-0 -i (
.0 Q 'a d- r-P o1. 4H - on 01 :- 0, N N N 0 0, 0- 0.I 0 0 00 IV r- P, 0

I 01t 41 D cc U CD ". 5 *9 4 14 M *l 7 0 N W N Ck 9. 4 'o -7 4 I * > 4 l * 1 4 > 4 CO C V) * * * 0 0

-, -*w ~ -j - - - - - - -

at -) U~ -)C A
> ~~ ..J N S- '3 An .- 4 r-A - nF- * l 0 " 5. A 'o P. "* N 9 ý l nN N .A pr A n 4 M

W -4A JJ'2 -J* 04~ M C 00N t 0 -0 MCw -fo1 o o p 04
3: - :uLrý C: C4- N N * - j p p r N 0 0 0 N - 0 0 .0 0 .m m C m

w Q >w N 0 . ? AA P 0 aJC) O 00 0 00 0 00 OM0 o o 0 &- 0  0

0 0 -0 . * F. -4 V 0 a 0''0a * 00 0a lp0. 0 'A * P. & 0 0 0* P1 - 0 0 0 0. *

-o 0 -T N 0.' 0 **Y 0 N 0 N - 0 0 0~ 0a - J0 M P- N 0. P.- 0 N' 0. N 0 10.0~10 -'0 .0 .0
1%1 !021( a, v 4 '00 Mor)*j'o N :

* ý 4 ý * ý *: 0: 4* * * 9 4 . 0000

P"9 0 0 0 0 * N, 0 i, ' 1$0 In 0 0 * 0 0. -n Nv- '0 4j. 0 -m t-0 N 0 0 0 0 C.1 in~ 0' 0" C9( "1C
0 C` 0. 0.W^1 40P-* (1Cl00- 0 00 o 0?_ f-

00

w



NOLTR 62-Sb

t- 0 D '0 .- 4 P- C 14 ' 10 - Go 14 -o 0 0

oo NO9O (;04O1 z 4 1: ; c c

InU 0% t 001J'I cyC - ,Io.4 P-.- 14 o Qo4' or4CinJ
10 * C C e* * *

o j- 0.304 Ig I'* Z 19
In. * gtc W%~g In. C"I 4 NIn C m I

r4 J NNNNi Ve QC NNtINN N 44N YN N

.4 UN 0 In001 D4 0 -4 "NNa0 0)1V'.01o p t

0
I.0 ~0~1 m m N N4 .- 4.4IV w m (% TI IN

>i In in t- In M -4O01 W 01 t

U. U)U) 144 -14 M~ r ra

UNNNN NNNN N N N NN I

W Ix U) a000U O -w

a IW .LUrN '.0 0 M N ~ O

0i ui S

w U 1` W ,0 r rj' 4 -10 c% IN 11)-44. if% 40 t- 4U ( 0.--'1

0 r 0 In i

ul 0% hit - i (10.4f 1OIU 1' .iuC44 -CU .01 1-
X coo0 i In .UEIn in 4 Ar I I .14It- 4 It4 4
01 N) N Li r~ N vIM qNNr VI S ~ N

r4 cc Ifcc .4

0 4Lfl V J LO, tO . C~-'4--4)O I"

< :) cc 010 4 01 4 I 4 (l'N0 4 C 0.Nt..-r4
$- V-ifw (c UN m u)114)U in)1~ 4 .k4 In II4,'
1- V~-) m N . 1J JN C4 N N N 1rj IIN IN i 'J r.J 14r'JN (.j4'J

I.- w 4 w X

ED X 0
ty i

I-- W.J.J 4i U)1)'N ) 19 c: 1zI 4. 1.7 I7 Z'
U) 0i.0 Ur's Intn t4UinIn) 4 inf viu ) &r.4 44
U ~L 0. .jr riC N eq(N rNN- N Nf Jf'rNINr'l NNNN

D0 * c; Ocee 0 e1e C. OCOC1 1 1 * 1 0.0

4- U) in r%. 4 It in 4 WI U1 IW I nil IC, -'4 It It It -j

0.

a. U 4-0CO C 014ý00 f0 ane to Ccc@@n 11. - 4 1

-4 w 1tl~0 w -1 4 04 'o M-4 'D w 0,
,n 4 U) In4 in 4 .1 11UU)U114 "1'%1,% 4 *tWI
N ININ N m NN N'a(J .Js4. IN IV t~N IN

0 0r o 10'0 0 00 0 In 0 r- '0J2 n I CO0, -4"N
in 4nIn n Lt I 'e U))In in 4%4 InU -t 4 it'U

0n 0 LA 0 0a n 0-WIn
Cee e In C4 OO0 C 0000I C

0 0 0 0 000 000000 0 0 0;00 C;ý)l 0

0 .0.0 4 In in O).11 In .1 1- tý Lo 0 0 0
0: 0 0 OOO An 0 0 In yN evf`

U) c c CO C * C O cen



NOLTR 62-55

o M.A0.-r44 r4mloO M40-t04 emi4 a, - 4 %0tPr %a or -0eemi
CI IN g.s~ e IeI. ..g .g .@* @ .e g . . . .

N m I N (N J NN N Nw N NV N N N Ny N N N N N NJ N N N N N Nv N R IN C4 4 OR t '4nNNNNNNN

t" in IA C" in C" in N N N N NA N N N N Nl N N' NV N NV n! N N N N N N N NV N N N N N N N N N N N
NY N no N N Ny N Nm N N N " NM N " Ny N N no NV N N4 N N N N1 Nm NI N N NV N no N4 N N INS N N N N` NV

in 1; e0 c;zec;. eg.. g.e eg. .eg . .e e . . ..

A in Cil in IA in in M VII N N N N N N N N N N NV N N NV N N N N N NV N4 N N N N N IN N4 NV N N N` N
N N N" N NCN N N N N " NV NCN N N N N N4 NM N4 N NY N N N N N N NV N N N N N"NN N N N N

in In in if% M In In iA I N IA N N NC N N Nq NC N N N N N ni N N Nv N NM N N N N Ny N N N N N N N
N " N N Nl N N N N NV NV N N N N NV N N N N N N N n) N N N N N N N N N NV N N N N Ny N N

019CIc 1;I0OA. .'004~ -~ 00 .0c ;10 :1 !c
in N n eg eg ge Me e g e inCC~ in inMi ni - ANi VNNN""f" Jr V(4NNN NNi VC

in 4 OiI
14. ir UpAAIIE IIIAAA IN NN N N N N NN N N NA N

r) N N N N N N N N NNU.1N N N N N N N N N N N

"u -3
Li .3J 0J ecc ee ge .. g0. e g. .

-. (1 U r Lii (1*.0AI 44 IA AN AN 0 9 In*9.01 9 019 199 199 A
' O

.- N .D I N N N N N N IC AS NV NIN N N N N N N N N N N.

w O InO c c ... . Ce c e e c e e c e ~ ..... I-~c . e g c :

g I ) Lim N

u k' n.- NM N NV N N Nl NV N Nl N Nl NN N- NV NN N N NV Nr N Nl Ny N N` N N Ny N Nv Nl N N N NM Nv NV Nl N N NV N

* Il) N t ii b
Up~0ll~'

00 *0 UN4-MI , 0r 0E 'I ný -00M. O- Vi ni D' n-na
0 V~- 4~.I40~ANlOAo0

Z) iiU :L

WI-4 4i4 4 44AI NA4 n 4i n i n4i n InN4inIANA LANI N nA I In .In in0 i .ID n0'0 0'!'-0 .0 00o
N ' Iv I ".i~l C4 . . . IV N IV N44 4444Irv44N 44CV I 4N4

0 0 0 c) e 0 0 eg g e g e0.. . e(g.... 0 . 0 1-I

I-ZI 44101(7 0 -4r 4r 1r4 r- -4 -4 0A0.0'0-4 4 el M 0 0 '40-4 -# M M 0 0 Q)0 4 - -
114444~ 44t?-144I4f4AIf.t
V \ NNN 12NN NN N N "2NNNNNNNNNNNNNNNN.NNNNNN4 1 Iý

fW U a 4- 0It- 1- z4 tyNcjNI l IYI % %i "



NOLTR 62-25

0 knNINDr- 0 In IA 0SD kW~ n 0 IN n V%0 4

.4 o4.:. in zn O ~ n
.@u.inm4W n 4 4 4 4 4 4

In 0@-4.-4It 4 00 1I 40: 4.40: 11

.o 4-ain 4 in y 44.44 444 It444 4

V0 iI..40a4 0 101 ooono win 4Nt-

W% 4 in tin 4 In In4 4 4 4
(SNN"NNN N"NNN"N ... NN

in 04wqmm, 00 1S 55 55 0 %A m 05

4. tini4 % n 4 W % k4 4 44*4-
NNNN tv(INIAcyN N 4NN"N N NNyNN IV

z nt p Ný A. 0ý N4 . 4v 01 4I

0- -t QiO.O"1 . .0 19 c;1: z 1

0 I4n 44 0? 0 N0inO'I4 N w .0
U. 1- 40 40OOii ii s ~ 4 4

o If%4 ,0 0 00% W. ini~i O 4N-4'O 4

w (K W
a ww

-% 0 1. K -b% N11 %t- - tnn00m 00 % 0 N 0N r- 10
x wO U k0 o5 5 5 0 000 .00* 0 s s s * .

x UP 2 ý m~ P4 mN P.0 t- 0 m 1010 sJ- " 4 -wOa,0
w In o LE mo 4 '0 .0 4 %D0 Ln in I in %n %A 4 in kn 4 -t 4 w%
z 2 , W.J C 0 N NNy yN ry e INr4N tvcyNN N NN NNN

U0 UP 0

Io 0
%d wJ W * - 0 a% 4 r-4 a 0 0IA.0 N 0w0min m w0 a

: Intr In 0 00 00 00 * 0 a9 ....... A
W IN W P- 14 04 mWIokNO0 N 0 ww%0 o% inflmO0 0N In
x WOD 4ý N 1 04'0'04'i0 in in in in in t4inin*u)in in

* . ry N CI3yr NNNNNN N N N r NNN t NANNNIV

- a) c' W) Ix 04

O P1-W V 4 LLI K 4sl in .0 0 A& 4ai ~ 0 In6mon noIn~

o o m1l& CIA'. i'00 I i. 'innn~ln
to x U m0-

M - co- Oin m t-4 m 0 4 In O N -14 -4, t-

V) 40.0.L 1 10 4 %0 10mW %0 in in a ,0.O In o %A UNinkn 6
N. 14 em VO NNNN f'* NNN N~ N ycCA c 44IVCQ

m o10 n 101-in 0' 04ininO Ii*O

of o t o04 %0 Oin .0 a 9 .n0 I oa'0'in mAin .0

w
0.
x
w a 00'0 Vý4 OD t~0 LIN - O 0 .-q WNA. -40

0 .4 oin 10 10 in 0 D .O G wN.0o ain an v i %
NNNNNN IN N N N NAJ"

iiiit'*40 *005*00.0. 0*
0 ODw& 4 m 00o%4m '0 inkA - ry?-0O-4 .

10t 0 in %0,0 tD o o oW% 0 %0 in in'ýO %

o ino In 0 0An 0 in
I- 0 in c 0 401- Itn

0 40 In 4,0w in0 cm.4 * an 9%1 C-4 -d.

00000000000 000

00 4 0 ni ni 0 000 00 0 00 0 0 00 0



NOLTR 62-35

o 4I- 0 0.00'4 -4 00 O N.n4fO 44inomn 4p-'OmIntin, cc, M O'Oin

NNNNNN YNN"NmN N N N N YN N N NN NNN N N N N N N N (N N

In 404 4f.4P.N' 0U:n. N4J40nI~'~.i 0. OC 47
'0- 0 eet ge se. geg .. %. %*.' -ge e..2 % e .. %g!ee.
.4 0 0O wP wt Or *-0a0M0 ONO 4 N4~- a %"1 0flam1 -V0. 1-Z

44444~~~I P 4 # 4 4 4 4 4 4.tt
NNN MNNNN NfN"N" "M NN NNNNN N~nNNEN NNN" 4C yNNN

o 0 f. -0wI 40"t OI %0 omt %400ý - ,t44- Din N 0

en m mmO M M4 4 44 0W. 0 04 M,4 4 4'O4 -4 0 4 4 It
NNNNNNNNNNNNNNNNN~0 NNN N N N N N NNN N

in 4 4 O N O i l ' 0 0 %0 .- 4-4 f- in P MN F-inO 00 In 01-4

v 4 1 ;A 44z 4 4N;r ; 0 n N0 % - f 000O0.0 N 0 t 0 0i l ODP-n1i 00001-

z
0 i 0 o-- CN 4 0%m0mn t 4ain 'ON 0.40 4p. U nN~o I % 'ON - m %N0O1'1

-1 0t*I %nNN0.40.10NOA z -toz19cl :0 r 0:N *00 00A 4 No A

0 v> in 4t krt, 't % 4 W% # W N W V% I inOIn-In

u4 U)U
a ww

x w U) 0% 0%, O o o 0 11% - in to to to t: 4r DIn 0% t 4 zm0I 0 in t-4.0 N 10 CA t C"Z 0in %a f

0 1Aj 0 0

u Ix wz ofl
u LIJ WL .4 - O.4 -*P -N fnt 4 14 %r4 0 N 0%N 0(nI 4 0 %0tDN 0 - 1NO .t 4 4 0N N NO 0

er ooi0 m n. *eWe e e e e ee e e g ~ .e g 
1*eeg04

w D t 04J 0t ;toCl !CO - 00 W N0C;O~- t:1 O .0 O4WN04,40 ;.No :110.0, 1, ;10 :49 A .0.4Iri
3: oo C 1 I A. '4 in ei n I nn 1I-& 4-t4 It 4 W%4 i rI.o ItVo n A1*1kolnk O N% %N W 0004
CL 14 %D N NNN NN NN N N N N "N N N N CYCyNNfN N NNyN N NcmN N NN N r'rj N N
VJ) in~ W z

0 lew I- 10m- 4 f0v-N.1-~ e01 a0 4-4 N00 -4 0 w - n4 in NN N A On U) N en -4

I-.. V) ku cf kn nnnnnni~nnnnin Ui InIn nnnii V% VinininWininIiInknin I n& %I nW N V I WW% 0 91 0 &M %0 0 D %
1 ~- V)0." N NN """N NfJ N N N N N N N N I N N N N N

I.- Iw <w x
:) ro Ir -

m- Z LJ >- In o 0 0 0 0

V3 3: J. 0. M nkn %nM WN % % A n A niUn1W% iniInin ! n% r tV n n nnnin W N %0 W% .0 '0 ' o %0 %0 10 10 %D 0
U Oct. 0. NNN NNNP~dfNr-Nf4N NNNNNNNN NN Ne~iNN NN NeN NNN N N N N NN NY

cx I ca 1ýCc% 0 W 044ii 04.40: N -4 w a f %0.4 Ni W) in W% - n %000 N 4 -'D f t*- CD
0 00 *00*@OeOO1ee e**ee see Ag... efn L9 C: in 04a C 1 17 W C'1: 0 0P 1 -- DN 0 4.4 C;; - Z n 0: IWINC;l'O

0..0 N.

w QD t- V4.P- 0 CO In 0 t- N4Df "0 1- 4N %04. 4.t 4i4"*-40iN0UM NO?-i0 .0CV0 F t Cr 0-4 m00

o"* 0 0n 0n 0 0. 0"M- p%ý 0. t0i %r yý tý 0 0 00 0 0 0 0 0 0 0 0 y tno

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0, fin"
0 n "%,in ,n On Oin On ein iný Ow, n inotin ino OWN ,r% &n n oin ttf~N.

00000j0000 OOOOOOO0O0 0,0(;00000000 00000C0000;

4n tn %Y.
4 4 

0 0 m - r ft" 0O'0 0in k 00 44oo .. w.0 mmt-1 Nmat 4 i n 0 00 0cr 4 4 4 
*044 a4 4 10to .0ý 0 - 1 0 'D (142.in.'ow0 10,,4m . ,%DO

. 110 044 u ii~~r.-.o 44Nii..?r000
14 ee4. se ... See : r: e ecl ge ge:e Noe..... :

OO OO0 C4 m. m m. InNNN NN NN N~~.



NOLTR 62-35

NFSJNN N NN N"NNNNMNN"NN

in4 m~~i~ 0 0Ntn0 P4IN

ON 0.0dW 44ONtW%4 4 44 4

o 0 a 9 in'4U ink t-4No4 t 4

In WN 0'O t0n. o a 4on oN tý

ý0 4'.6 %p 4 inl in . %A tn tn tn .t 44 4 44

uj ~ i NO'P00 4 &1 nk n on4 * 4 4-

0 > Ln- i~N 0o t aw4 w mOmNn04o ývm m4IAN
J 0 4'O4 *144 9*A44rifin v44444

IL.NN NNN NNN NNN

I- 1. *OcS * * e ** *

WU 0:a QM .4,p Q 4 i n oo ii~ n t4in44 44 4
z i i 0n N (YNNr4N N N"NNNNNNNNNN

I %D hA 0 0.i~V4 0 ~ 0 4
Zj u 4 - ( tp 4)t V 0 DcC C 0*N*e -e**0 *e*
-Ko. " i *L .4 N hP0 0 0 0 00 0 M ..- 0 0 0 a ce

w go Wr- m - N -*m% q. a co 4hi n m f4% N p% i 0j
(10C Yr N NN^NNN r N N yNN N NN NNf.NN

u4 m - A0 eg e g ** * * * *

0 1).-. W)u c 4 10 0 4 %DAM 4ovi i nf,4i n4 o4 4
w I-J V) NNNNNNN N N N N N N

* ~ ~ ~ ~ - LLa.3 W X 00 N -~.~ '
In RXi wi ec .Lg . .. g

I. U) A~ A A C; 1 OK;

W P P-i N O t-4h ~0~01-4n4Inh 44Pe-0

Zo 000 N 0 0. in N4.00 0 N 0 a . 0 'AV-aO.
on 4-il in 04 C4 0% I ý4 N0 o % - % 0 * 444,

p # - t- -pN N uNin v ntn . nNAN % nNw%

-) DO in P Oin 4 6A %t* 400o nt- 4.4 tn tn,

o- * %.0W%.00 W% inn10U .- 4 1-U0 inW% N t intn0n-i

In 4 4co44 4 o

0 se .. 0 e ... ee0c.0 noi
in An tnA.OI~- N.004tn0.4n (V

4 0 0 04.0 0 0 00 ; 00 0 A 0 0
wNIJ N -0a49%W n 1^%0 N - NN 00 NN

I-~~ ~ jin ing . in. . gee.n

V0.00000 44N4.40, 0*04-



YOUTR 62-35

o MN.4 4 in 0UIW!.ow"40.0O-4"0 01"

N1 NC4 NNNNN N po

.'% ~ ~ ~ ~ ~ U m0 qW'- 0f r-. ~ .. 0 p- t 0 %0 p OO %m 10 In %n 9% M M Ne toe )S ~

0~~~ ** C 0 *5 CO 05 .e* . . . . .* . * . . .
1; 40Nc;00000 50W01P-i Q .00itt.04 %0~f U il4 % 4P6 P- ~ UAQ D

44 4 M M M~ M M M M In~ m~ Ml M1 Ml M (1 MMMm 4 ml 1'1

N N N N N N r4 N No N N N N Ny N to N N N No"t qNN0

o -NP 04W nN- 000bI ý% 40- C0t ý0 0% M 4 O.4 0 1A 50.0 N M4 %En4in
u . I 9 4I zN NO. 0 ;4 ezI 0 :al 00. 10 .00'O 0* z4N OO (I' A NO'O.-

't44 4 4 rt 4  # 4 4 m,&h mm 0 Inin M MIEE m1 M MM 0% MMmMm4m . 40 4

N oN NN NN NyCYVYtoN toryNqN N N totoN NN NN N NNN N N N NNN N oNN (4N

"S N 0 0 WI~0.4 14

> n toi t c c c c c e e s c c s s s scc ar ,mNq9 0me qqN t4CNs0 0 s col -4co

.4 4fN.N.OO00 O44O8 0s0#n0
1  

0OI

UJ c.4 In0 - ' n6nt m N NO 0 0 0.r h. Q 4Q. V'0OO ý rý S00-Go.4 0, NN 4M
a4444o44 0 %4t4 t -* - 4 44

NN N N N NN N N N NN N N N NN N N N N yNNN

W coW WP4 .094 0A.10 N..4

WI

UJJ 4A CN N N N N N N N N NN N N N N NN NNNN

IU - WV- 4444

NHU, (x

o , 0%~I .1 40041 4 OOWN14 4 1s0 dOS P-pCJ N- 4.OOý n1-0 40O IOfmOf1- m0% 104O% M M-t1-
>- .50 In e c ce 0ccc. c c c cs

.. -i 0'0 4j. IA0in-n.40%n0I0InnINAIAI0 
z00 r-I0. 1'.0

o -1 0. (L UL 44V%4 44 4 44*4 4 *449444144t4 4 44 4444t4444444 inV4%4I44w V l nW

M 1:C:001 .40 4 C : ; :4; :0N1 -4 . . 0 N-,O % 0g

< W% )-) 6A in... sc4 e c sLc. 4e e 0 4s c Inc Vcicc.n * AIn0i i 0a a 4-14
N- NA.. N toN N- N N NNN N1 0 A m m 0I . O O .4 NO" 0N N N4 N N N N

06X.Of.Ai 44444444444I 4A4AI~ AA IISI

-x t)..N N N N N N N NN N N N N N N N N N N NN

I. %n t ~ ý %V _ :ýý1 t :1 i ii l:1.ýiý % 1
-4m m0 04444 % C b

W0 0 0 0% 4 V 0 40 01-0 0 0 4 a C .O04 5 0r-1- CDP IA-O%0%

a: 444 0cp l 1- 4 .0%0% NON0 %..ý 4 - 4 4NiQ E1I.0I0% .. 00m M 0o m N 44I4MM 0- mf4 4-
IAcfn IM woo -A.4""Mmnn~~AnInkn 101 1- - m oo -- 4 " M M i 10O000 0 10 C'Os w .0.0.0

o 0 0 0 0 0 * 0 o 0 0 sQ 0 0 * 0 0 0o 0 0 0 0 0 a Oe,

OO O OO C OO00 0 0000 00 0 . . 0.0o0. 000000o



MOLTR 62-35

* ~~N W0OaO*O 0-~
0o I k~nc b**n o r ( M

co *. m w N * - m 9 * *

0C00000000 00 00

0 a co N to01 I N u

Co x N* 0 r% 0 - 3 0 -? i -.

0me .0 N. 0 a0 m s ...

Le -( O 'O n'4~
U- ; ;0i-T

0.j

w I ; a w 0. u 10 .- OI~NO QW '0.0
w I. - it ccN n 0 0' - W vi0
C.) a.a

00 Uzi 0 . ** 6 9v) iui .J u u Ou OOOOOQOO

u cc t0F lu L i44

Lw z- F* W o n m 0.40W0N .u
at- w 0 a a M 4NrIAJ 0. 00 00 0 000 00

M Wi LU .J)

!0 It. aN cci
urn ui Q 1ý" nZr n0N: F

X LU 0- 00 %n a. *a 6n Cv fn s'0 aj a

. P- LU IA I
:011 -M U LU -

A. *t CL0 - C U

U. .7-A~ u on Qu . OOIn"IN.N p Mu %%" ZJ W >- I- n r N = w j n i : v ;0i LU -. W KiZ .0 0 w-c U P
- jL LU CL." I Y-- - -

U.
V, UJL.. N 0I *% )QU

In Z 6n V cu 0 I cu. Q u c a *

Lu

ju

cc--



NOLTR 62-35

* -O 0ywoa0o-ON C4(.% - c s()0 I- %n NW- ni o .0 F- mt (v N ý V0 CD

1 - -- 000Me4 0000CI) 0 N 0 IN '~ 0 00 M00000ý
- o: " ** ** ** *o * 10 cege ?e e o.2 >Vg..'nNINI '-

*----000000000 -0O000

-1 W. -C@ IN S0 N Sý aC C> cc .. IN W
U000000 00000c 0"000 0 0 0 0

0

Lfl 000-0 0 0 00 0000000o00

p- C> u* IN 0 C - 0 * - -n W P C g(. g g%. ee
X z 00000000 00000000

Uc

P-L 7 mwI I 0 %W1 . u a0I - W~- P-N.o IN 0cN 4 0 0 0~U A 6 01 'j J -1 -1 N N O OI0NIl " 0*, F 1.0.7" " C! wlM
LUI z C.. Q Q C>g*(. 0 0 e c g gg*0~U 0..) INoo oo o o o Q. 0 0 0 0 0 0

-% a. LU -'2

CL UR M W Oc P- cp IN N U * g o *ee*CePOO 6A u'11 W I Q00 l000L0 : W0NIvjin 0-0 C 00 0 00
u wuuuoouuu I-

U 1>.L 0 cc-
*~~~~~~~- ItJ ~ t N i % 0I ~ W t id

jj Ly WU IC.d0N CP*w f~n'' P '0 ~ c ~ .u

0- M P- eec W ~~ cc 6nF .N 00 . '

U uj u. uj0- Lu I.

m 0 1 IN 100 "1i00m W0.c a Li00 )00UWo oU.1 X >m >. LU LU I"I m1-WC
b.. CU -. -. Leuw m01

ZU W (a j 0. 0.~P 0u. w~o.4 L

k. WP.. IMP IN 0- -T 0 - ft)Ci W1 w0.q- P l vh.4Oa ce I nj0ý o - Nm mC> j o w Nc.4ouj vii0O a- -ý r- %n .c cc ) Nc n "I ,, W. Mc N c 0. rc w ccNI.&. Uj~ W)L L Li 0 0 U v U W fa(ULW U - -

.n1 Ib0 I -f

at 4 UP.
LU~~~~~I -4)0PP LA N cp,



NOLTR 62-3 5

0N 0 4 t- .O 0, 0
r-J n 0&0P

0 * ý w C. 0- a, * l %n m in *
00000000A 00J% P0

000 000ý0 Va 0n 0001"

0j 0 10 w * 0 10 u 0 w

uL V
w I9I V0r %QQ0.

W . .

LI~~ uI LI , * *ý * ..t* .
-. . u. 0.Ju0u0C0 u0U0 u

I ;d Ul LDLIUOCLIUL)LWUL.
Uc U .J LIý 7.7. 1 1 N

Lu C.)U.) ut Q 9 9 . 9

CLi

-V VI. n aU

- cr~a 4 p-#I NA

U. -4t Xu
U. (LLJ.1.j .1 -.0C C U ¶ 0 I* j j.
%I L. COLi 6JN ~ C V CV C~ U L

L. -jU C ti -V, VI 9' 11 y "I *U U U 7

-4 z? -)- jk)L)L .
m Z.~ -aJ It9 - U )L L I

47

C-1u

-j (Y rp* p . L) CV V I in I .



NOLTE 62-35

O m 'm 6M..w~j 0f ON aO O 0 on p. a o Qno.

10 m-N -ý' n I 0Nz;w P- C o- O 0c
I* C; O 0 0 0 o C; t0 0

!- p . 1 :? 0 wo. F- 6n W U W a W N 0 * *.. .4)

- ne oI ý : oNZý NN rQ In '00 C. P-0 2) r f n-
;: `V' N 10 0 "F-n0o4C% . wa,' 0*yw ---- oo oo - %1p 000':0 0. O0 O 'o U '

Li

-~l * - uo 'i- N0~I
.o Ui L- W 0 NW r- o W f%.0. r- N a"I-(V -

I- 0. N. *U () F. In N c* a a 'S * "I (N r-s S S S S0.0 .0OOO iOO.ooMio ty V0y0n) "IL 0q> P-Ls r I- 0
or Li Li 

L

ta 'U cc~ ý. c; L cc J Xi (N j V*ai.J s( tift

w '.0 n -N - Ni~ O Oic 0. 0- c0 i li-1- 0 - Lipnc U6

on ak U0 Li C.) 0

ýew0e LI." U1 I, U0W -7S * r-i CJ 11 r.1p i U'"' CV
*0 ;j cc0 W ( W P . ~ - ~ ( .

*0 U, .0 U U; Liýi 0 0 0 Li

UU C Il I rx JLU U -

Wi Lito - a~L o-UzO uwNo-QN Pj I- U..4 P) *~L W NU*N4-P V (Y L4i- Jq"U. Ui - 0.j U P w.) C- N 
0 ~ L i C i L i n -q 7 p.- - - - - - - - - - - - - ---------

Li CL4u. L! -ý % %
'0 a. -a In V. C. wUQ0 iUU

F- UJ.! -- - L. U C) ? 1 Vf. nf-

ti w-i 'UA U-. . -wL

IV W.- I') al pLQP1io 7Il 7j

It)CP W " ic1' vi .0.. w
- - --L - -. - , f . U W ,

5.5.1~~~~~I qS? * o ~ M ~ ( ~ )L



NOLTR 62-35

C! u I--o .7 0 cuc-C. C

co0 -- P .7 0 4.1 1 0. au m .

u m .7 . .0 C. N a 6. 9

o c -Moir ~ r~

0~ ~~ ~~ 0 *C 0

ul W 10 10 0 P- 0 V, 01~0 0

u C.4 I) ' O'.1

Li

0 ~ ~ ~ -C>cvJ~~'-

C1 -1 N

-C-.

V) LU -* L; C

41 WLU LJV% JI ! Uý 74 4F :V

0 V4 n .
1.~~t -Ia UJ 0. C. * C3 9 j u U

ef D - 41 W '1. .00 C ~ 0 0 o

.0 .6 '1) n'.. ELi 4 Fý -14, U U

a. Li Li V. CJ %mF.
ccIIC fv U) p-Li 0 U C ~ I JIJt i,

o L) 0: * Zr
LU 0.. ~ C

J 9ULi1 %.j - 7 L. f.--1 u (..j9, C
I- I- V) V -u.ý 7L%4 . u i

U)O Pd) ,A- ý 00 F n0 -

.1 i 3. cl I . # . , , ,

4q dei.iQ -j ji 0 0 LWu >Li uu

CL. a. qv .1)-

Li C.L.*J'pc~~,

U di ut IQ* . 0.) u L)V -)u . OU

9i - M~ 4Li-k ~ ip



NOLTR 62-35

w'0) oN ýi . c , 1i a 0 0. P-*Pp U) ~ ' I O 10
10 w w "100" 0 A 0 . * -000O 0 w 0 MM-0'0 0

0 P. . 10 - P- 0 F* m *% W I' a Ow IP4 VI 1 11 V, P. * 0 0 N. C. D. "I

C)'I m0ý0 .1-C)0 0 0 t00 00 00 0 00

10 UWU")0 OO -
p-F N M 0 0 0 0 w -0 . w 61 ý ý

0 OCI)0 0G)C )J0 C)0 0 000 *0000000000000

I-. " INI N 0 .0 -J ,- -

uyo 0P, C t 0 II n L 0) '0 ! fuJ% I '0 7N N

0~~~ ~ ~ Oi0 CIC>)0 0 C 0 UC.3 rl r0 C) 0 0

1- e-.op-; cP -NCI UP00.1pM"000
F-N-r . m-pU' .ý -0 3 N U - 0 0 0.0C P "F 0

X .1 4 10N ~ J ) ' -ý % e 4-

L) Wj C; 8 U1 ýC ;

wU % I.1 L.) NJ tDnlo-'OWN vw N%'L3WN ;L e- w wNO 0O NJw qWV0t-F' w

U x z4 . U.LJu OC> ci u 0 UU 4ju0u LI.0 0 0 4.)0
LIC U C. 6. *l u

U. US.J -j 000000000J 0000 C;L U L ;1 -; 0 C L; 1 L 1;1;C; ;
cx U. 1 U L

LU .Jx U U
x 0: U ILI U
ILL U Q Uw fr (1 041P-t Z V" 1 17"1 m .,t ýw 1 N n. .t I %
Un WOW L,- .U1 u - F-: vQ Q C.-"I0 a- Q .7 j N0LA wlV.L.f- C' 0.L'

p-Ij C. - JP* Q0 Pi-U~ 0 -S ~ * * = O GN O aýw UV ý c1 2.
wo or C3.IS U. o -0 U Q U CJ )UV0j0a:LII 0 UuaWQ Uo Uoo o.1o o

cU w~ U 4 * . a v 0 095 a . 0 * * -J % # C 9 a S99S S S . a * a
.%IIIjuQ .JUULU QU L j aU Q0 z ~ 0UU 0 U U U 0U U00

lu 4. 1

U .'.4II 1- Z m ft

w-U j~ fW P, Cl- 4; -Cn o j q oor n a m- oL0 A0 ~ J*~ ~ r, N
U.. io 4 ;1,C, - . U QU c:.,) LI0L)00 -C. UC'"0 U- 0a. U 0 0 wu L.?0 Q)0 0
LL.l.ISl V, V3 5 t; ; * 1; ; * ; ; L; ; C* ow ytj 14 "1 *; L; S * 5 9 *

u U) -4 W w -
w : Um* 4 . A. .

I-- 1.1J - U.
m -j Ja) N`I 10 -)- -z - l - n-7 . 7 6 7t Vn
U.1 WUU 4.) JA )4 7" . AIUN . 10 %11 0 U

'I 4.22S.L) U u v clL) W Cu U k wuut ULU UU U .) Li v

4t I .7 WL 4J1 6m (SiIr Iiil -l *WO1" . 7E))LUUI .0 - V -1 n ( N4IQU

U. .. L) jwýU?-P U. 1d I wv .7 a)*(11S*1.) j- f ..J11 .-N U 04CfItl."JI %4) Q . L C - L jL) U UL uv wU ww j u
LJ9 J 1; N; 1.; C; 1; U C; 1; 11, -- 0 1 L" C; "1 ; A; j 1; * 1;

Q -. -ý WJL F- W 000 0 0 f.0F5.2 A 0 U1v

. JU sf1 C.7 41 A QL 0 N WP 0 s14) w -j U NJ 07 Qf1 I-- "2 m Ln U0 wA
1uz -'i - 0 ~ I'U -- -- W *0 Q p------g

IC4 4



Nan 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (Al)

No. of
Copies

Chief, Bureau of Naval Weapons
Department of the Navy
Washington 25, D. C.

Attn: DLI-30 1
Attn: R-14 1
Attn: RRRE-4 1
Attn: RMGA-413 1

Office of Naval Research
Room 2709, T-3
Washington 25, D. C.

Attn: Head, Mechanics Branch 1

Director, David Taylor Model Basin
Aerodynamics Laboratory
Washington 7, D. C.

Attn: Library 1

Commander, U. S. Naval Ordnance Test Station
China Lake, California

Attn: Technical Library 1
Attn: Code 503 1
Attn: Code 406 1

Director, Naval Research Laboratory
Washington 25, D. C.

Attn: Code 2027 1

Commanding Officer 1
Office of Naval Research
Branch Office
Box 39, Navy 100
Fleet Post Office
Now York, New York

NASA
High Speed Flight Station
Box 273
Edwards Air Force Base, California

Attn: W. C. Williams 1

NASA
Ames Research Center
Moffett Field, California

Attn: Librarian



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (Al)

No. of
Copies

NASA

Langley Research Center
Langley Field, Virginia

Attn: Librarian 3
Attn: C. H. McLellan 1
Attn: J. J. Stack 1
Attn: Adolf Busemann 1
Attn: Comp. Res. Div. 1
Attn: Theoretical Aerodynamics Division 1

NASA
Lewis Research Center
21000 Brookpark Road
Cleveland 11, Ohio

Attn: Librarian 1
Attn: Chief, Propulsion Aerodynamics Div. 1

NASA
1520 H Street, N. W.
Washington 25, D. C.

Attn: Chief, Division of Research Information 1
Attn: Dr. H. H. Kurzweg, Asst. Director of

Research 1

Office of the Assistant Secretary of Defense (R&D)
Room 3E1065, The Pentagon
Washington 25, D. C.

Attn: Technical Library 1

Research and Development Board
Room 3D1041, The Pentagon
Washington 25, D. C.

Attn: Library 1

ASTIA 10
Arlington Hall Station
Arlington 12, Virginia

Commander, Pacific Missile Range
Point Mugu, California

Attn: Technical Library I

Commanding General
Aberdeen Proving Ground, Maryland

Attn: Technical Information Branch 1
Attn: Ballistic Research Laboratory 1

2



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (Al)

No. of
Copies

Commander, Naval Weapons Laboratory
Dahlgren, Virginia

Attn: Library 1

Director, Special Projects
Department of the Navy
Washington 25, D. C.

Attn: SP.-2722 1

Director of Intelligence
Headquarters, USAF
Washington 25, D. C.

Attn: AFOIN-3B 1

Headquarters - Aero. Systems Division
Wright-Patterson Air Force Base
Dayton, Ohio

Attn: WWAD 2
Attn: RRLA-Library 1

Commander
Air Force Ballistic Missile Division
HQ Air Research & Development Command
P. 0. Box 262
Inglewood, California

Attn: WDTLAR 1

Chief, Defense Atomic Support Agency
Washington 25, D. C.

Attn: Document Library I

Headquarters, Arnold Engineering Development Center
Air Research and Development Center
Arnold Air Force Station, Tennessee

Attn: Technical Library 1
Attn: AEOR 1
Attn: AEOIM I

Commanding Officer, DOFL
Washington 25, D. C.

Attn: Library, Room 211, Bldg. 92 1

Commanding General
Redstone Arsenal
Huntsville, Alabama

Attn: Mr. NK ShapJi.o (ORDDW-MRF) 1
Attn: Technical Library 1

3



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (Al)

No. of
Copies

NASA
George C. Marshall Space Flight Center
Huntsville, Alabama

Attn: Dr. E. Geissler I
Attn: Mr. T. Reed 1
Attn: Mr. H. Paul 1
Attn: Mr. W. Dahm 1
Attn: Mr. D. Burrows 1
Attn: Mr. J. Kingsbury 1
Attn: ORDAB-DA 1

APL/JHU (C/NOw 7386)
8621 Georgia Avenue
Silver Spring, Maryland

Attn: Technical Reports Group 2
Attn: Mr. D. Fox 1
Attn: Dr. F. Hill 1

Via: INSORD

Air Force Systems Command
Scientific & Technical Liaison Office
Room 2305, Munitions Building
Department of the Navy
Washington 25, D. C.

Attn: E. G. Haas 1

4



NOLTR 62-35

AERODYNAMICS DPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

University of Minnesota
Minneapolis 14, Minnesota

Attn: Dr. E. R. G. Eckert 1
Attn: Heat Transfer Laboratory 1
Attn: Technical Library 1

Rensselaer Polytechnic Institute
Troy, New York

Attn: Dept. of Aeronautical Engineering

Dr. James P. Hartnett 1
Department of Mechanical Engineering
University of Delaware
Newark, Delaware

Princeton University
James Forrestal Research Center
Gas Dynamics Laboratory
Princeton, New Jersey

Attn: Prof. S. Bogdonoff 1
Attn: Dept. of Aeronautical Engineering Library 1

Defense Research Laboratory
The University of Texas
P. 0. Box 8029
Austin 12, Texas

Attn: Assistant Director 1

Ohio State University
Columbus 10, Ohio

Attn: Security Officer 1
Attn: Aerodynamics Laboratory 1
Attn: Dr. J. Lee 1
Attn: Chairman, Dept. of Aero. Engineering 1

California Institute of Technology
Pasadena, California

Attn: Guggenheim Aero. Laboratory,
Aeronautics Library 1

Attn: Jet Propulsion Laboratory 1
Attn: Dr. H. Liepmann 1
Attn: Dr. L. Lees 1
Attn: Dr. D. Coles 1
Attn: Mr. A. Roshko 1
Attn: Dr. J. Laufer 1

Case Institute of Technology
Cleveland 6, Ohio

Attn: G. Kuerti



NOLTR 62-35

AERODYNAMICS DEPARTMENT

EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

North American Aviation, Inc.
Aerophysics Laboratory
Downing, California

Attn: Dr. E. R. Van Driest 1
Attn: Missile Division (Library) 1

Department of Mechanical Engineering
Yale University
400 Temple Street
New Haven 10, Connecticut

Attn: Dr. P. P. Wegener 1
Attn: Prof. N. A. Hall 1

MIT Lincoln Laboratory 1
Lexington, Massachusetts

RAND Corporation
1700 Main Street
Santa Monica, California

Attn: Library, USAF Project RAND 1
Attn: Technical Communications 1

Mr. J. Lukasiewicz 1
Chief, Gas Dynamics Facility
ARO, Incorporated
Tullahoma, Tennessee

Massachusetts Institute of Technology
Cambridge 39, Massachusetts

Attn: Prof. J. Kaye 1
Attn: Prof. M. Finston 1
Attn: Mr. J. Baron 1
Attn: Prof. A. H. Shapiro 1
Attn: Naval Supersonic Laboratory 1
Attn: Aero. Engineering Library 1

Polytechnic Institute of Brooklyn
527 Atlantic Avenue
Freeport, New York

Attn: Dr. A. Ferri 1
Attn: Dr. M. Bloom 1
Attn: Dr. P. Libby 1
Attn: Aerodynamics Laboratory 1

Brown University
Division of Engineering
Providence, Rhode Island

Attn: Prof. R. Probstein 1
Attn: Prof. C. Lin I
Attn: Librarian 1



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

Air Ballistics Laboratory
Army Ballistic Missile Agency
Huntsville, Alaba.'na

Applied Mechanics Reviews I
Southwest Research Institute
8500 Culebra Road
San Antonio 6, Texas

B~uWeps Representative
Aerojet-General Corporation
6352 N. Irwindale Avenue
Azusa, California

Boeing Airplane Company
Seattle, Washington

Attn: J. H. Russell 1
Attn: Research Library 1

United Aircraft Corporation
400 Main Street
East Hartford 8, Connecticut

Attn: Chief Librarian I
Attn: Mr. W. Kuhrt, Research Dept. 2
Attn: Mr. J. G. Lee 1

Hughes Aircraft Company
Plorence Avenue at Teale Streets
Culver City, California

Attn: Mr. D. J. Johnson 1
R&D Technicil Library

McDonnell Aircraft Corporation I
P. 0. Box 516
St.' Louis 3, Missouri

Lockheed Missiles and Space Company
P. 0. Box 504
Sunnyvale, California

Attn: Dr. L. H. Wilson 1
Attn: Mr. M. Tucker 1
Attn: Mr. R. Smelt 1

The Martin Company
Baltimore 3, Maryland

Attn: Library 1
Attn: Chief Aerodynamicist 1

3



NOLTi 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

CONVAIR
A Division of General Dynamics Corporation
Fort Worth, Texas

Attn: Library 1
Attn: Theoretical Aerodynamics Group 1

Purdue University
School of Aeronautical & Engineering Sciences
LaFayette, Indiana

Attn: R. L. Taggart, Library 1

University of Maryland
College Park, Maryland

Attn: Director 2
Attn: Dr. J. Burgers 1
Attn: Librarian, Engr. & Physical Sciences 1
Attn: Librarian, Institute for Fluid Dynamics

and Applied Mathematics 1

University of Michigan
Ann Arbor, Michigan

Attn: Dr. A. Kuethe 1
Attn: Dr. 0. Laporte 1
Attn: Department of Aeronautical Engineering 1

Stanford University
Palo Alto, California

Attn: Applied Mathematics & Statistics Lab. 1
Attn: Prof. D. Bershader, Dept. of Aero. Engr. 1

Cornell University
Graduate School of Aeronautical Engineering
Ithaca, New York

Attn: Prof. W. R. Sears

The Johns Hopkins University
Charles and 34th Streets
Baltimore, Maryland

Attn: Dr. F. H. Clauser 1
Attn: Dr. M. Morkovin 1

University of California
Berkeley 4, California

Attn: G. Maslach 1
Attn: Dr. S. Schaaf 1
Attn: Dr. Holt 1
Attn: Institute of Engineering Research 1

4



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

Cornell Aeronautical Laboratory, Inc.
4455 Genesee Street
Buffalo 21, New York

Attn: Librarian 1
Attn: Dr. Franklin Moore 1
Attn: Dr. J. G. Hall 1

University of Minnesota
Rosemount Research Laboratories
Rosemount, Minnesota

Attn: Technical Library 1

Director, Air University Library 1
Maxwell Air Force Base, Alabama

Douglas Aircraft Company, Inc.
Santa Monica Division
3000 Ocean Park Boulevard
Santa Monica California

Attn: Chief Missiles Engineer 1
Attn: Aerodynamics Section 1

General Motors Corporation
Defense Systems Division
Santa Barbara, California

Attn: Dr. A. C. Charters 1

CONVAIR 1
A Division of General Dynamics Corporation
Daingerfield, Texas

CONVAIR
Scientific Research Laboratory
5001 Kearney Villa Road
San Diego 11, California

Attn: Mr. M. Sibulkin 1
Attn: Asst. to the Director of

Scientific Research 1
Attn: Dr. B. M. Leadon 1
Attn: Library 1

Republic Aviation Corporation
Farmingdale, New York

Attn: Technical Library 1

General Applied Science Laboratories, Inc.
Merrick and Stewart Avenues
Westbury, L. I.,New York

Attn: Mr. Walter Daskin 1
Attn: Mr. R. W. Byrne 1

5



NoLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of

Arnold Research Organization, Inc.
Tullahoma, Tennessee

Attn: Technical Library 1
Attn: Chief, Propulsion Wind Tunnel 1
Attn: Dr. J. L. Potter 1

General Electric Company
Missile and Space Vehicle Department
3198 Chestnut Street
Philadelphia, Pennsylvania

Attn: Larry Chasn, Mgr. Library 2
Attn: Mr. R. Kirby 1
Attn: Dr. J. Farber 1
Attn: Dr. G. Sutton I
Attn: Dr. J. D. Stewart 1
Attn: Dr. S. M. Scala 1
Attn: Dr. H. Lew 1

Eastman Kodak Company
Navy Ordnance Division
50 West Main Street
Rochester ].4, New York

Attn: W. B. Forman 2

Library 3
AVCO-Everett Research Laboratory
2385 Revere Beach Parkway
Everett 49, Massachusetts

AVCO-Everett Research Laboratory
201 Lowell Street
Wilmington, Massachusetts

Attn: Mr. F. R. Riddell 1

AER, Incorporated 1
158 North Hill Avenue
Pasadena, California

Armour Research Foundation
10 West 35th Street
Chicago 16, Illinois

Attn: Dept. M 2
Attn: Dr. Paul T. Torda 1

Chance-Vought Aircraft, Inc.Dallas, Texas

Attn: Librari,%n 2

6



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

National Science Foundation
1951 Constitution Avenue, N. W.
Washington 25, D. C.

Attn: Engineering Sciences Division 1

New York University
University Heights
New York 53, New York

Attn: Department of Aeronautical Engineering 1

New York University
25 Waverly Place
New York 3, New York

Attn: Library, Institute of Math. Sciences

NORAIR
A Division of Northrop Corp.
Hawthorne, California

Attn: Library 1

Northrop Aircraft, Inc.
Hawthorne, California

Attn: Library 1

Gas Dynamics Laboratory
Technological Institute
Northwestern University
Evanston, Illinois

Attn: Library 1

Pennsylvania State University
University Park, Pennsylvania

Attn: Library, Dept. of Aero. Engineering 1

The Ramo-Wooldridge Corporation 1
8820 Bellanca Avenue
Los Angeles 45, California

Gifts and Exchanges 1
Fondren Library
Rice Institute
P. 0. Box 1892
Houston 1, Texas

University of Southern California
Engineering Center
Los Angeles 7, California

Attn: Librarian 1

7



AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

Commander
Air Force Flight Test Center
Edwards Air Force Base
Muroc, California

Attn: FTOTL 1

Air Force Office of Scientific Research
Holloman Air Force Base
Alamogordo, New Mexico

Attn: SRLTL 1

The Editor 1
Battelle Technical Review
Battelle Memorial Institute
505 King Avenue
Columbus 1, Ohio

Douglas Aircraft Company, Inc. 1
El Segundo Division
El Segundo, California

Fluidyne Engineering Corp. 1
5740 Wayzata Blvd.
Golden Valley
Minneapolis 16, Minnesota

Grumman Aircraft Engineering Ccrp. 1
Bethpage, L. I., New York

Lockheed Missile and Space Company
P. 0. Box 551
Burbank, California

Attn: Library 1

Marquardt Aircraft Corporation 1
7801 Havenhurst
Van Nuys, California

The Martin Company
Denver, Colorado

Attn: Library 1

Mississippi State College 1
Engineering and Industrial Research Station
Aerophysics Department
P. 0. Box 248
State College, Mississippi

C



NOLTR 62--35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

Lockheed Missile and Space Company
3251 Hanover Street
Palo Alto, California

Attn: Mr. J. A. Laurmann 1
Attn: Library

General Electric Company
Research Laboratory
Schenectady, New York

Attn: Dr. H. T. Nagamatsu
Attn: Library

Fluid Dynamics Laboratory
Mechanical Engineering Department
Stevens Institute of Technology
Hoboken, New Jersey

Attn: Dr. R. H. Page, Director I

Department of Mechanical Engineering
University of Arizona
Tucson, Arizona

Attn: Dr. E. K. Parks 1

Vitro Laboratories
200 Pleasant Valley Way
West Orange, New Jersey

Attn: Dr. Charles Sheer 1

Department of Aeronautical Engineering
University of Washington
Seattle 5, Washington

Attn: Prof. R. E. Street 1
Attn: Library 1

Aeronautical Engineering Review 1
2 East 64th Street
New York 21, New York

Institute of the Aerospace Sciences
2 East 64th Street
New York 21, New York

Attn: Managing Editor 1
Attn: Library 1

Department of Aeronautics 1
United States Air Force Academy
Colorado

9



NOLTR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

MHD Research, Inc.
Newport Beach, California

Attn: Dr. V. H. Blackman, Technical Director 1

University of Alabama
College of Engineering
University, Alabama

Attn: Prof. C. H. Bryan, Head
Dept. of Aoronautical Engineering

Office of Naval Research
Bldg. T-3, Department of the Navy
17th and Constitution Avenue
Washington 25, D. C.

Attn: Mr. Ralph D. Cooper, Head
Fluid Dynamics Branch 1

ARDE Associates
100 W. Century Road
Paramus, New Jersey

Attn: Mr. Edward Cooperman 1

Aeronautical Research Associates of Princeton
50 Washington Road
Princeton, New Jersey

Attn: Dr. C. duP. Donaldson, President 1

Daniel Guggenheim School of Aeronautics
Georgia Institute of Technology
Atlanta, Georgia

Attn: Prof. A. L. Ducoffe 1

University of Cincinnati
Cincinnati, Ohio

Attn: Prof. R. P. Harrington, Head
Dept. of Aeronautical Engineering 1

Virginia Polytechnic Institute
Dept. of Aerospace Engineering
Blacksburg, Virginia

Attn: Mr. R. T. Keefe 1
Attn: Library 1

IBM Federal System Division
7220 Wisconsin Avenue
Bethesda, Maryland

Attn: Dr. I. Korobkin 1

10



N01ITR 62-35

AERODYNAMICS DEPARTMENT
EXTERNAL DISTRIBUTION LIST (A2)

No. of
Copies

Superintendent
U, S. Naval Postgraduate School
Monterey, California

Attn: Technical Reports Section Library

National Bureau of Standards
Washington 25, D. C.

Attn: Chief, Fluid Mechanics Section

North Carolina State College
Raleigh, North Carolina

Attn: Prof. R. W. Truitt, Head
Dept. of Mechanical Engineering

Attn: Division of Engineering Research
Technical Library

11



0 cl0

4>

-- H

v~i 00
(1 -H H0

+: -4-'+ 0

CH .,4 0 H-4

I2 OH 0 k rj
E- , d l ýH03 rac 0

CD 0 00 P- R-i E-

rd -P '- ý
+'C od H0
,-0 0 -- I 0l

Om -r-I U)

C 0) Cd H- Ho'-i

E-4 U) C

SL
0 0

m) -P -P5 04- C

uI Q) 4- 3
Q) HC: E)~ 0)

C.)

E- 00)C

\0 4-''d 4-

" 0 c
\00

4-:1 c '

a) 'ia)C:



I H0 0 0

24) 9 43 9d 4ý 3 4- 4-

I ) 0 I go 0 V
43 4 4)4 r.2 Ol 43' 0 W-H4 M H d 4r04'-P94Hd .-H " -H d+' Hulý I. ~d0 '4 H.1 *

.H 00 4)I

0.004r )r 00 $00

rd 4-1 ra 4- rl
cd 6s3 a 0 11q 4 bos

;r, 1044 m 0 9-1

(4 0' p cd I oog
gA '05 A 43; 043 '

(4Or.H4.A IH

+1$1; 4) o
In 0 N H k0_ 03 a

r, 040ý 1 14'0 3 0, +I
4-ý 010" wp 0 Q +

d1( I0I r4 N";
P4) 0 rd2, il 4, IW9 10N0 4 ,"o .'d14,

43 $ 4 4 ,,~ 44' ~ +. .3 04, 4 -; 44 " 'll

04343 d .443 d 044O~d ~d( 00 ý1$

m'E r- I4 rd H4* H

10) "l 13 Id

H4, 0 (4 o 3 0 Hk 0ý It oi'A I 0s EV.~ ,9~49 4 P,0 4' 0 It"

+d,~ I'd3 Oo 4(ý N4 c j HO (

4,4,0ý4 . drd A +1P A I,4- H Cd ~'dA H4,

4) 04' 0 04, r-I 4s- HA w
rnk D43i'3 43HOEi 0 0

FI. a 4 043 H~S~I 4,e 0 f .A- Cd 0 4-1

CH . 4~ to -P CH

0~h~ +Ar0(~ ul on
043w -1 'd 41 +O .0 d(4 4H A1 -4 rd 4-4 0 *dH '4A 0,

44 do-I 100,34 0 pdo III .0 Ii f 'A
0. 0((4303 HO o1 "o 0O 4' AH 'd'Ht

M 11 M Pd4-0
8
4 E E 0 04m 4' m f- ~PQ P343 P .? +1 M (\E-JANOM 4,bd

43434 ~ N 4, ~.'0 3 *o~o( H 0 o's~ 4

~ ~0m (4.0'-s~ P,~P~,~H ~0 HdH '


